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The application of X-rays to microscopic study of thin specimens was first
attempted by Heycock and Neville' in 1897, two years after the discovery
of X-rays. This was followed in 1913 by Goby's' demonstration of micro-
scopic details of small biological samples by radiographing the thin specimen
in close contact with a photographic plate. The negative was subsequently en-
larged photographically. He introduced the term, microradiography, and
in 1925 succeed in producing stereomicroradiographs.' In recent years,
microradiography has progressed along two lines: the quantitative analysis
of cell mass and of cellular molecular constituents, and the qualitative inves-
tigation of morphology, pathology, and physiology of biological systems,
especially with the aid of radiopaque contrast media.
As early as 1935, Grechishkin and Prives' in Leningrad attempted to vis-
ualize small blood vessels in bone with microradiographic technique, using
Thorotrastt as a contrast medium. They were unable to define vessels of
capillary size because of the coarse-grained emulsion they used. Boha-
tyrschuk' in Kiev in 1944, using a fine-grained emulsion and a Bucky X-ray
tube, demonstrated capillaries with Thorotrast in sections of mammalian
organs and tumors. The British school under Barclay1" in 1947-1949 used
a sealed-off diffraction X-ray tube and a variety of contrast media including
Thorotrast, colloidal silver iodide, colloidal metallic bismuth, and Neoprine
Laxtexif in the study of minute vessels in surgical and autopsy specimens.
In this country, Tirman and associates" produced technically good micro-
* Assistant Professor of Radiology, Yale University School of Medicine; Chief,
Section of Radiation Therapy, Department of Radiology, Grace-New Haven Com-
munity Hospital.
** Special Fellow, U. S. Public Health Service; Department of Anatomy, Yale
University School of Medicine.
t This investigation was supported in part by an Institutional Grant from the
American Cancer Society, Fluid Research Fund of Yale Medical School and USPHS
Grant BF 9757.
t Now available as 25 per cent suspension of thorium dioxide, supplied by Hayden
Chemical Co., New York.
¶ Neoprine Laxtax-supplied by B. B. Chemical Co., Ltd., Leicester, England.
Received for publication 22 November 1960.
451YALE JOURNAL OF BIOLOGY AND MEDICINE
radiographs of small blood vessels of the rabbit kidney and other organs
using colloidal silver iodide with gum acacia.
The term "microangiography" was first introduced by Bellman3 in Sweden
in 1953 and corresponds to "angiography" as used in clinical diagnostic
radiology. He also applied microangiographic technique to the study of liv-
ing tissues, but his work was limited to thin organs such as the rabbit ear,
or intact organs during a surgical operation. Saunders' in Canada in 1957
elaborated upon this technique and prepared various muscular tunnels, flaps,
and windows to permit the introduction of a photographic plate beneath
muscle in living animal. He used Micropaque* as a contrast medium and
was able to demonstrate vasoconstriction and vasodilation in skin following
drug administration.
The purpose of this paper is to present a simple technique of microangio-
graphy with which detailed vascular structure can be studied under normal
and various pathologic conditions. The brain and kidney were selected be-
cause of their characteristic vascular patterns, which are thought to be
highly vulnerable to radiation and other injuries.
MATERIALS AND METHODS
The X-ray source. A fundamental aspect of microradiography is selection of proper
wave lengths of X-rays for examination of specimens of various types of materials.
The rule of thumb is that the higher the resolution required, the thinner must be the
specimen and the "softer" the X-ray beam. In examination of blood vessels, a relatively
thick section is desirable so that a volume pattern of the blood vessels may be seen
and the bulk of contrast medium will not leak from the vessels during sectioning. The
optimal tissue section for microangiography is about 100 to 300 it in thickness.
According to Engstr6m's' calculation, the most suitable X-ray wave length lies
between 1 and 10 A, to be generated at about 10 to 20 kv. For this wave length range,
a commercial sealed-off diffraction type of X-ray tube with beryllium window is used.
Auxiliary high vacuum pumping equipment is not required. A simple and inexpensive
microradiographic apparatus was assembled in our laboratory two years ago. It
consists of a portable cabinet containing a high tension generator converted from a
portable diagnostic X-ray unit. A Machlett Type 0-2 diffraction tube with a copper
target was mounted externally in horizontal position so as to direct the X-ray beam
downward. The focal spot is 1 mm. square in projection at 6 degrees from target face.
The contrast medium. In general, the higher the atomic weight, the better its contrast,
and the finer the particle size, the more complete the filling of minute vessels. We have
discarded colloidal silver iodide, Urokon, Hypaque, and others, and have found that a
mixture of Thorotrast and Micropaque in the following proportions is particularly
useful. It consists of Thorotrast, 20 per cent and Micropaque, 25 per cent, made up in
* A very finely ground barium sulfate, supplied by Demancy Co., Ltd., Ware,
England.
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a 3 per cent A-C-D solution (Abbott Lab., Chicago). The latter was used to minimize
intravascular clotting. Methylene blue was added to serve as a visual indicator of the
course of the injection. The average particle size of Thorotrast is 0.1 A, and it easily
penetrates the entire capillary network. It is non-irritating, has no effect on blood
pressure, and is an excellent medium for demonstration of fine blood vessels. As the
particle size of Micropaque varies between 0.1 and 3.0 iA, it provides good filling of
larger vessels. With a mixture of Thorotrast and Micropaque, vessels of various sizes
are filled and shown in good detail. Carlson and associates' suggested the use of
Thorotrast and Micropaque in combination for demonstration of the vascular supply
of bone.
The photographic emulsion. The emulsion which we have found most satisfactory for
microangiographic work is Kodak spectroscopic film 649-GH of 35 mm. width. It has
a very low light sensitivity, high contrast, and extreme resolving power (1,000 lines
per mm.). The film is developed with Kodak K-19 developer at 68 degrees F. for
5 minutes.
The technique of injection. (i) Kidney. In these studies 15 rats, 4 rabbits, and
20 cats were used. After deep anesthesia with ether or intraperitoneal nembutal, the
renal artery was exposed, ligated proximally, and cannulated with 0.045" I.D. poly-
ethylene tubing. In the rat, instead of renal artery, the abdominal aorta was clamped
above, and cannulated below, the level of the renal arteries. A separate ligature was
passed around the renal vein but was not tied. The freshly mixed contrast medium was
injected with a 20 cc. syringe under moderate hand pressure at the rate of 5-10 cc. per
minute (between 60 and 75 mm. of mercury). Each organ was perfused with excess
of medium. Immediately upon termination of the injection, the renal vein was tied off
and another ligature applied to the artery distal to the cannula. The injected kidney
was removed intact and placed in a fixative consisting of eight parts 10 per cent
formalin, six parts absolute alcohol saturated with picric acid, one part (1-N) acetic
acid, and one part chloroform. The organ was fixed for three days and sectioned at
200 or 250 micra on a freezing microtome. The sections were placed in 50 per cent
glycerine to prevent drying before the X-ray exposure was made.
(ii) Brain. Prior to injection of the brain, the entire calvarium was removed with
rongeurs and the bone edges treated with bone wax. The dura and superior saggital
sinus were left intact. The common carotid arteries were exposed in the neck, ligated
proximally, and cannulated with polyethylene tubing. Simultaneous bilateral injection
of both carotid arteries with contrast medium was carried out with large syringes at
a pressure of 70-90 mm. mercury. A total of about 100 cc. was injected in the cat or
rabbit. Immediately after injection the jugular veins and distal carotid arteries were
clamped and ligated, and the head severed from the body. Any additional oozing of con-
trast medium was controlled with mass ligatures. The dura was carefully opened and the
entire head placed in fixative for several days. The brain was then removed from the
skull and allowed to fix for one to two weeks. Brain sections were cut at 200 A on
a freezing microtome and placed in 50 per cent glycerine.
Mounting and radiographing of specimen. In order to obtain maximal definition and
minimal blurring of the image, the specimen should be in direct contact with the
emulsion. However, in order to protect the emulsion from the wet specimen, which
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soaks the emulsion and reduces film sensitivity, a thin sheet of Saran Wrap* was
interposed between the film and specimen. It casts no shadow on the film and produces
only imperceptible blurring of the image. The mounted specimen and film were then
transferred to a 50 x 50 mm. specially made cassette for X-ray exposure. The optimal
target film distance is 25 cm. Exposure time varies from 10 to 15 minutes with the
thickness of the specimen, at 20 kv. and 15 ma.
Enlargement. Initial enlargement was achieved with a Zeiss photomicroscope for
10 to 60 power magnification. The resolving power was better than 1 i.. Further
enlargement was obtained by using a photographic enlarger for additional 4 to 6
power magnification.
RESULTS
Representative microangiographs of the vascular patterns of normal and
some pathological kidneys and brains are presented.
(i) Kidney. A cross-section through the mid-portion of a normal kidney
of cat, rabbit, and rat respectively demonstrates the pattern of renal cortex
and medulla. It is of interest to note that the ratio of the thickness of cortex
to medulla varies considerably among the three species, the cortex of the
rabbit kidney being the thinnest (Fig. 1, parts A, B, C). The orderly ar-
rangement ofglomeruli and arterioles in the cortex, and the radial pattern of
vasa recta in the medulla of the rat kidney of Figure 1, C, are well demon-
strated (Fig. 2). The afferent and efferent arterioles and the arteriolar
coils in the glomerular tufts, together with abundant capillary networks,
are shown in a cat kidney under higher magnification (Figs. 3, 4).
A microangiograph of vascular injury in an experimental renal abscess,
produced by E. coli infection, in a rat kidney is shown (Fig. 5). Further
enlargement of the same section demonstrates destruction of vessels and
loss of glomeruli in and along the marginal zone of the abscess (Fig. 6).
(ii) Brain. A coronal section through the rostral diencephalon of a nor-
mal cat brain demonstrates a difference in vascular pattern between sub-
cortical nuclear structures (caudate nuclei) and the white matter of the
internal capsule (Fig. 7). These structures, as revealed by their patterns in
the microangiograph, correspond exactly to their configuration in normal
thionin-stained sections. A microangiograph of normal cat neocortex (Fig.
8) demonstrates a striking parallel pattern of arteriolar branching from
pial vessels into the gray matter. As the vessels enter the subcortical white
matter, they appear to turn and run in a different direction along the course
of the nerve fibres.
* Made by Dow Chemical Company. It is a copolymer of polyvinyl chloride and is
approximately 0.0005 inches in thickness.
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FIG. 1. Microangiograms of normal kidney. (Cross section, 250 ,). A. Cat, x2.
B. Rabbit, x2. C. Rat, x5.
FIG. 2. Microangiogram of normal rat kidney from Fig. 1, C. (Section, 250 /A).
Detailed vascular patterns in cortex and medulla, x40.13






FIG. 5. Microangiogram of infected rat kidney (Section 250 IA). Destruction of
glomeruli and vessels in and around a renal abscess, x14.




FIG. 7. Microangiogram of normal cat diencephalon, (coronal section, 200 js).
Difference of vascular pattern of subcortical grey and white matter, x14.
FIG. 8. Microangiogram of normal cat cerebral cortex, (Section, 200 /A). Differeince
of vascular pattern of cortical grey and white matter, x24.9
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FIG. 9. Microangiogram of irradiated cat mesencephalon (Section, 200 IA). Multiple
vascular lesions in pyramids, x16.
FIG. 10. Microangiogram of irradiated cat cerebral cortex. (Section 200 /A). Marked
vascular congestion and tortuosity, x45.I 1
1;..
1 2
FIG. 11. Microangiogram of irradiated cat thalmus. (Section 200 A). A necrotic
lesion with zonal congestion and extravasation of contrast medium, x45.
FIG. 12. Microangiogram of irradiated cat cerebral cortex, (Section, 200 iA). One
of many focal hemorrhagic lesions, x50.Microangiographic studies, kidney and brain I CHANG, TREMBLY
A cross section of an irradiated cat mesencephalon demonstrates marked
vascular congestion, extravasation of contrast medium, and necrosis in the
ventral quadrants (Fig. 9). This cat received total brain X-irradiation of
2000 r (tissue dose) in a single session using orthovoltage and bilateral
opposing ports. A marked spastic quadriplegia developed during the seven-
day period prior to sacrifice at one month after exposure. Distortion, tor-
tuosity, and congestion of vessels in the gray matter of the cortex is evident
(Fig. 10) as compared with the orderly vascular pattern of normal cortex
as seen in Figure 8. A necrotic lesion due to radiation, with zonal congestion
and extravasation of contrast medium around a small necrotic cavity, is
illustrated (Fig. 11). A punctate collection of contrast medium within a
group of disrupted vessels, indicative of a focal hemorrhage, is shown in
higher magnification (Fig. 12). This type of lesion is diffusely present in
irradiated brain.
DISCUSSION
While excellent techniques for study of the anatomy, physiology, and
pathology of large and medium-sized blood vessels have long been avail-
able, there is anapparent lack of suitable techniques for study of morphology
and function of minute vessels. The microangiographic technique seems to
fill this need, as it has the advantage of being able to demonstrate vascular
patterns of minute vessels within an intact specimen in reasonably good
focal depth. A paired picture can be taken for viewing under a stereoscopic
microscope.
Since the resolution of present microangiography is in the order of 1 p or
less, a major step toward further technical improvement would lie in the
direction of increasing the contrast of the smaller vessels in relation to the
surrounding tissues. This can be done along the following lines:
(a) Improvement of contrast media-a search for more opaque, less toxic
and non-radioactive agents.
(b) Prevention of vascular spasm, or induction of vasodilation before
and during injection of the medium by using various pharmacological agents.
(c) Reduction of leakage of contrast medium during and following in-
jection, especially when injecting brain vessels. During the process of dp-
capitation and removal of the brain from the skull, considerable amounts
of contrast medium may leak away.
The long X-ray exposure time is a limiting factor if microangiographic
technique is applied to the study of living tissues. As only the vascular
shadow is of interest, the details of surrounding tissue can be ignored. With
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a highly radiopaque contrast medium, a higher kilovoltage technique can
be used and the exposure time cut down considerably. Experiments along
this line are in progress.
The production and demonstration of vascular lesions in brain following
X-irradaition is of considerable clinical interest and significance. Experi-
ments designed to test the normal tissue tolerance dose range of kidney,
brain, and intestinal tract with this technique are in progress. Accurate in-
formation in this regard is urgently needed in radiotherapy.
The microangiographic technique is not as difficult and complicated as it
was thought to be and the expenditure for setup of a unit is not beyond
the possibilities of any average scientific laboratory. WVith continued im-
provement of equipment and technique, microangiography can be expected
to be widely used for investigation in the fields of experimental surgery,
pathology, and physiology where information concerning detailed morphol-
ogy in microcirculation is sought.
SUMMARY
(i) A brief survey of the history of microradiography and microangio-
graphy is made.
(ii) A simple microangiographic technique utilizing relatively inexpen-
sive apparatus, as used in our laboratory, is described.
(iii) The normal vascular patterns of kidney and brain are described and
illustrated. Some vascular lesions of rat kidney and cat brain following
bacterial infection or local X-irradiation are presented.
(iv) The potentialities and limitations of the microangiographic tech-
nique are briefly discussed.
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